We show that the previously reported orientation deficit in amblyopia (Skottun, B. C., Bradley, A., & Freeman, R. D. (1986) . Orientation discrimination in amblyopia. In6estigati6e Ophthalmology and Visual Science, 30, 532 -537) also occurs for arrays of randomly positioned Gabor micropatterns for which explanations based on either neural disarray or local neural interactions would not hold. Furthermore, when using Gabors, we show that the deficit varies with the spatial frequency and orientational bandwidth of the stimuli used to measure it. We discuss two competing explanations for this, one based on a broader underlying detector bandwidth in amblyopia (both orientation and spatial frequency) and the other based on a selective deficit of first-order, as opposed to second-order orientation processing in strabismic amblyopia. Our results favour the latter interpretation.
Introduction
The initial studies into the nature of the neural deficit in strabismic amblyopia concentrated on the threshold detection deficit (Gstalder & Green, 1971; Hess & Howell, 1977; Levi & Harwerth, 1977) which was shown to increase at higher spatial frequencies. It was subsequently shown that although threshold contrast sensitivity was reduced in amblyopia, once stimuli were above threshold their contrast was seen veridically (Hess & Bradley, 1980; Loshin & Levi, 1983) . This highlighted the importance of assessing suprathreshold discrimination functions in amblyopia in order to better understand the nature of the deficit.
Both spatial frequency and orientation discrimination have been studied in amblyopia. Spatial frequency discrimination was shown to be abnormal (Hess, Burr & Campbell, 1980) in the high spatial frequency range but the bandwidth of individual detectors was found to be normal (Hess, 1980) . This suggested an abnormality in either the number or co-operative activity of detectors. Orientation discrimination is almost independent of spatial frequency for normal observers (Caelli, Brettel, Rentschler & Hilz, 1983; Bradley & Skottun, 1984) , with a plateau in performance occurring after 0.2cpd (Burr & Wijesundra, 1991) . However, it was shown by Skottun, Bradley and Freeman (1986) to be abnormal in strabismic amblyopia. Using a narrowband stimulus, they found a contrast independent orientation discrimination deficit at high spatial frequencies. Rentschler and Hilz (1979) also described abnormal orientation selectivity in two of five strabismic amblyopic eyes. Vandenbussche, Vogels and Orban (1986) determined that the deficit in orientation discrimination of a single line by strabismic amblyopes was reduced as the line length was increased. This latter finding underscores the difficulty in interpreting results based on line stimuli, where the spatial properties of the stimulus, i.e. spatial frequency and orientation content, and thus what is underlying performance in the task cannot be directly ascertained.
An orientation discrimination deficit could be due to one of a number of underlying anomalies. It could arise as a consequence of: the cellular orientational selectivity being broader in amblyopia (Rentschler & Hilz, 1979) ; there being fewer cells, albeit with normal orientation selectivity (Levi & Klein, 1986) ; a disarray of the spatial map or abnormal neural interactions at the level of the orientation detector (Hess, Campbell & Greenhalgh, 1978; Rentschler & Hilz, 1979) ; and a loss of efficiency at a stage where the responses of a normal population of oriented detectors are compared.
This study assesses whether psychophysically determined bandwidths themselves are broader in amblyopia in the high spatial frequency range in which orientation discrimination deficits have been reported (Skottun et al., 1986) . We do this by measuring orientation discrimination as a function of stimulus orientation bandwidth. The stimulus we use is a random array of Gabors. This enables us to factor out any effects of disarray/anomalous local lateral interactions at the level of the orientation detectors themselves which may produce distortions (Hess et al., 1978) and therefore poorer performance for the large field suprathreshold grating used by Skottun et al. (1986) . For example, if this disarray is postsynaptic then it would amount to a global spatial mapping disturbance within a population of oriented detectors with normal local properties. Such a disturbance could certainly underlie the spatial distortions and the poorer orientation performance previously reported in amblyopia for large field gratings. In order to measure the local properties of the cortical detectors themselves without such a global deficit intruding, we used a stimulus, a random array of Gabors micropatterns, in which the local not the global spatial information was needed to solve the orientation discrimination task.
For normal vision, there will be a predictable dependence of orientation discrimination on stimulus bandwidth (Heeley, Buchanan-Smith, Cromwell & Wright, 1997) . When the stimulus bandwidth is much narrower than that of the underlying visual detectors, discrimination performance will be constant. However when the stimulus bandwidth exceeds that of the underlying detectors' bandwidth then performance should degrade in proportion to stimulus bandwidth. Such a prediction is shown schematically in Fig. 1A and B by the dashed curve. The knee point is a measure of the underlying detector bandwidth (Heeley, 1987; Pelli, 1990 ). Imagine now, that in amblyopia, the bandwidth of individual detectors are broader. The bandwidth of the stimulus required to affect performance will also have to be larger and as a consequence the knee point will be displaced to a broader stimulus bandwidth. However once the stimulus bandwidth is much broader than that of the underlying detectors performance will be solely determined by the stimulus properties. As a consequence performance for the dominant and amblyopic eyes should come together. This prediction is depicted in Fig. 1A by the solid curve. However, if the loss in orientation discrimination in amblyopia has nothing to do with the bandwidth of detectors (e.g. less orientation selective detectors or inefficient comparison of their outputs) then the initial deficit for stimuli of narrow bandwidths will still be present for stimuli of broad bandwidths. In other words, the amblyopic curve will be displaced parallel to that of the dominant eye and will have a common knee point location. This alternate prediction is illustrated in Fig. 1B .
Our results show that orientation deficits remain even when the stimuli are randomly positioned Gabors. In only one of six strabismic observers does adding positional uncertainty to the oriented elements equate performance in the two eyes. This suggests that the initial report by Skottun et al. (1986) cannot be due to a spatial disarray or to abnormal local neural interactions at the level of the orientation detectors. Furthermore, although the results suggest that there may be a broadening in the orientation bandwidth of the amblyopic detectors in four of six subjects, we also consider the possibility that as stimulus bandwidth is broadened visual processing of orientation may switch from firstto second-order mechanisms, with only the former being abnormal in amblyopia.
Methods

Subjects
Six strabismic amblyopic subjects participated in this study. Their clinical details are given in Table 1 . All refractive errors were fully corrected.
Stimuli
A spatial Gabor patch or a field of micropatterns was generated, each of the following form:
where M is the background luminance, C is the contrast, f is the spatial frequency of the carrier and | is the standard deviation of the Gaussian envelope defining the patch. In other words, each stimulus consists of a sinewave grating windowed by a 2-D Gaussian, in cosine phase, modulated about a background luminance. The stimuli were displayed on a 13 in. Macintosh colour monitor, calibrated and linearised using an attenuator and VideoToolBox software (Pelli & Zhang, 1991) . The display screen was green (only the green gun used), and contrast was linear from 0.4 to 38 dB (95-1%). At the viewing distance used, 63 cm, each pixel subtended 2 arc min of visual angle. The frame rate of the monitor was 66.7 Hz and the display duration for each image was either 150 or 500 ms with an inter-stimulus interval (ISI) of 150 ms. The display area was masked to a circular aperture, with a diameter subtending 16.5°of visual angle and had a uniform background luminance of 21 cd/m 2 . The Gabor patches were pre-generated and stored in memory at the start of each run. The spatial limits of each Gabor patch were at least 9 2.5 times the S.D. of the Gaussian envelope. For each interval, patches were randomly placed within the circular display area, with the proviso that the centre-to-centre distance between patches always be greater than some criterion, in order to prevent overlaps. This criterion was related to the S.D. of the patches, in that the larger the patch size, the larger the 'exclusion zone' surrounding it. The centre-to-centre minimum distance was at least five times the S.D. The number of patches displayed was inversely related to their size. Their number was doubled as their S.D. was halved, starting at 10 elements at the largest S.D. chosen of 32 arc min. This ensured that there were always an adequate number of samples to do the task, and the maximum number of elements possible given the 'exclusion zone' in preventing any overlaps.
We first determined how the spatial frequency of a Gabor affects performance. At a contrast of 0.50, and 128 arc min as the S.D. of the Gaussian envelope, we adopted a spatial frequency that showed a significant difference in orientation discrimination thresholds between the two eyes. We then investigated how varying the size of the Gaussian envelope and introducing positional uncertainty to the elements affected performance.
Experiments
In Experiment 1 we measure orientation discrimination thresholds as a function of the peak spatial frequency for a Gabor of approximately 4°in diameter at a contrast of 0.5. At least three different peak spatial frequencies were chosen from the possible values of 2, 4, 8, 10, 12 and 14 cpd. The reference or comparison orientation was 45°(see Fig. 2 ). In Experiment 2 we measure the orientation discrimination thresholds of a field of micropatterns for the dominant and amblyopic eyes of our six strabismic subjects (see Fig. 1 , stimulus display). The contrast was set to 0.95 and the envelope size and thus the orientation and spatial frequency bandwidths of the elements was varied (See Appendix A for details of the orientation bandwidth calculations). The spatial frequency bandwidth, represented as a standard deviation, was calculated in the following manner (Graham, 1989) :
Spatial frequency bandwidth (cpd)= 60/(2y|) (2) where, |, the S.D. of the Gaussian envelope, is expressed in minutes of visual angle. Due to reports from the subjects that the stimuli were not equally visible across the different conditions, as well as reports of Gabor orientation thresholds being critically dependent on contrast (McIlhagga & Mullen, 1996) , in our third experiment we measured contrast thresholds for our stimulus configurations and set them at a constant fraction above this. The display duration was increased to 500 ms, as opposed to the 150 ms in Experiment 2. This was done so that the stimuli could be presented at least 5 dB, or a factor of 1.8 times above the measured detection threshold. In this manner we compensated for any orientation discrimination loss that was due to differential effective contrast of the stimuli for the amblyopic and dominant eyes.
Orientation 6ersus spatial frequency bandwidths
Since our method of decreasing element size of the Gabor patches increases both orientation and spatial frequency bandwidths, Experiment 4 changed the relationship between these parameters by measuring orientation discrimination thresholds for Gabor micropatterns with non-circularly symmetric Gaussian envelopes. In other words, the stimuli had a different S.D. in the x-and y-directions. This was done in an effort to isolate which parameter, spatial frequency and/or orientation stimulus bandwidth, was underlying the amblyopic deficit. 
Psychophysics
Orientation discrimination thresholds
A two-interval forced choice (2IFC) paradigm was used in all experiments. The subjects' task was to correctly identify the shift in the orientation of a Gabor or a micropattern field of Gabors, in the second, test or comparison interval (clockwise or counterclockwise) from the 45°orientation presented in the first, reference interval. A set of ten stimuli, five clockwise and five counterclockwise, was presented during the test interval, covering the range of interest (either 9 4.5, 9, 18, 22.5, 36°). The magnitude and direction of the orientation shift presented was randomised for a total of ten trials per condition (100 trials per estimate). From the resulting psychometric function the orientation thresholds were calculated as the S.D. derived from a cumulative normal fitted by the error function, ERF(x), of the form:
where A is the number of presentations per stimulus condition, B is the bias of the function relative to the comparison orientation of 45°, and C is the slope parameter of the function. The slope parameter corresponds to the S.D. of the assumed underlying normal distribution and represents the orientation discrimination threshold. In the figure data plots, each datum represents the mean of at least three estimates and the error bars represent the standard error of the mean.
Contrast thresholds
In order to account for the contrast sensitivity loss in amblyopia and due to the strong dependence of orientation performance on Gabor contrast (McIlhagga & Mullen, 1996) , we measured contrast thresholds for each of our micropattern displays. These were Gabors with a Gaussian envelope S.D. of 2, 4, 8, 16 and 32 min of visual angle. Contrast thresholds were estimated using a two-interval forced choice paradigm. One interval contained the field of Gabors, the other interval contained a blank display at the same mean luminance. The subjects' task was to indicate which 500 ms interval contained the stimulus. The micropatterns were then displayed at least 5 dB above this threshold for each eye and across the different conditions. Experiment 3 was thus a measurement of orientation discrimination thresholds as a function of stimulus orientation bandwidth with the stimuli being equated for their visibility.
Results
3.1. Experiment 1 3.1.1
. The spatial-frequency dependence of the orientation discrimination deficit
In order to assess whether the orientation discrimination deficits are dependent on spatial frequency, as previously reported by Skottun et al. (1986) , Experiment 1 measured orientation thresholds for spatial Gabors oriented at 45°and subtending approximately 4°of visual angle (see Fig. 2 ). This size was chosen to replicate the field size of the study by Skottun et al. (1986) . Contrast was fixed at 0.50 as previously the deficit had been shown to be contrast independent. At least three spatial frequencies were investigated among the values of 2, 4, 8, 10, 12 and 14 cpd. Given the spatial frequency dependent nature of the orientation discrimination threshold, it was important to establish the spatial frequency at which each of our strabismic amblyopes demonstrated an orientation discrimination deficit. This peak spatial frequency was then used to investigate the effect of broadening the spatial frequency and orientation bandwidths of the stimuli on the orientation discrimination deficit using a field of randomly positioned Gabor micropatterns in Experiments 2 and 3 (see Fig. 1 ).
The results shown in Fig. 4 demonstrate that for a single Gabor subtending 4°, all subjects demonstrated a spatial frequency-specific deficit, confirming previous reports by Skottun et al. (1986) . Fig. 4 . Experiment 1. Orientation discrimination thresholds as a function of spatial frequency for six strabismic amblyopes. Contrast was fixed at 50%, the stimulus was a single Gabor patch subtending 4°(see Fig. 2 ). Arrows depicted spatial frequencies chosen for Experiment 2 and 3 where orientation performance was measured as a function of stimulus orientation bandwidth. 
Experiments 2 and 3
The dependence of the orientation deficit on stimulus bandwidth (orientation and spatial frequency)
A spatial frequency demonstrating an orientation deficit was selected for each subject and the chosen spatial frequency is depicted by an arrow in Fig. 4 . A field of randomly positioned Gabor micropatterns, with this peak spatial frequency and having a 45°orientation served as the comparison for a second test interval, consisting of Gabor elements with random spatial positions and orientations all rotated either clockwise or counterclockwise to the 45°comparison interval. The size of the Gabor elements was varied, the S.D. of each element being related to stimulus orientation bandwidth and spatial frequency bandwidth (see Section 2 and Appendix A for calculation of bandwidths). As the stimulus element S.D. decreased, effectively increasing their bandwidths, the number of micropatterns making up the stimulus was also increased proportionately. We used a stimulus composed of randomly positioned locally oriented elements to factor out any influence of topological disarray/abnormal local neural interactions. We reasoned that if the perceived distortions reported by Hess et al. (1978) were due to such effects then it would not be surprising that amblyopes had difficulty in discriminating small orientational differences. We wanted to address the issue of whether the local properties of individual detectors were different in amblyopia rather than their global spatial mapping or co-operative interactions which might have greater influence on the orientation discrimination of a large field of coherent grating (Skottun et al. 1986) .
These results are shown in Fig. 5 where orientation discrimination thresholds are plotted against the orientation bandwidth of the Gabor elements for the domi-nant and fellow amblyopic eyes of six subjects. In some cases (BC and VE) orientation discrimination deficits which are evident at narrow stimulus bandwidths disappear when the stimulus bandwidth broadens. In other cases deficits are only present at intermediate bandwidths (SB and MA) or for all stimulus orientation bandwidths (MJS and MS).
The use of randomly positioned Gabor micropatterns for comparison and test stimuli and increasing contrast from 0.50 to 0.95, generally decreased the magnitude of the deficit in orientation discrimination (Fig. 4) . A key difference between our results and those of Skottun et al. (1986) is the contrast dependence of the orientation deficit. Their results demonstrated equal deficits for 10, 50 and 90% contrasts, when using a large sinusoid masked to a 4°diameter. Our subjects often reported that differences in the visibility of the Gabor stimuli, although presented at a contrast of 0.95, was affecting their performance. This is in agreement with McIlhagga and Mullen (1996) , who reported, in normals, that orientation sensitivity for Gabors keeps improving from 5 to 50%, showing no signs of reaching a plateau. This reinforces the importance of consistently measuring contrast thresholds for all our stimulus configurations and displaying them at least a 5 dB factor above this in determining the orientation discrimination deficit. In order to fulfil this criteria, the stimulus presentation time was increased to 500 ms in Experiment 3 as compared to the 150 ms used in Experiment 2. Table 2 summarises the bandwidth characteristics of the most narrowband and broadband stimuli displayed (measured as the S.D. or sigma) and the corresponding contrast thresholds for all six subjects. Fig. 6 , shows the data from Experiment 3 for the same six amblyopic subjects as Experiment 2 (Fig. 5) , but this time the stimuli were equated for their visibility. For all subjects, except SB and VE, the orientation discrimination deficit is evident only at relatively narrow stimulus bandwidths. These results suggest that for most subjects, the amblyopic visual system may have detectors with orientation bandwidths that are broader than their dominant eye. Such detectors would be tuned to high spatial frequencies and have broad spatial bandwidths. For subject VE, equating the visibility in the two eyes and using randomly positioned elements was sufficient to eliminate the orientation deficit that was originally measured as a function of spatial frequency for both a large grating stimuli (Experiment 1, Fig. 4 : contrast 0.5) and randomly positioned Gabors (Experiment 2, Fig. 5 : contrast 0.95). Table 3 shows the estimation of the knee point (as the S.D. or sigma of the stimulus orientation bandwidth, in degrees) of the amblyopic and dominant eyes of the subjects' results shown in Fig. 6 . The ratio of these estimates quantify our assertion that all subjects except for SB and VE demonstrate a tendency toward broader orientation bandwidths for their amblyopic eye. See Appendix B for details of the knee point calculations.
Experiment 4
Given that our method of changing the element size (i.e. S.D.) of the Gabor micropatterns, broadens both the element stimulus orientation and spatial frequency bandwidths, there is the possibility that the consequent introduction of energy at lower spatial frequencies is Table 2 Contrast thresholds as a function of stimulus type (see Fig. 3 1.42 12.29 0.3 9.5 9 1.2 9.55 Broadband 7.8 9 2.2 9.9 9 2.5 52.7 11.9 9 3.5 VE (8 cpd) 17.0 9 1.9 Narrowband 2.14 0.298 Broadband 4.77 36.6 13.0 91.3 5.6 9 0.8 a Bandwidths are expressed as standard deviations, or sigmas (s). The stimulus duration was 500 ms. Abbreviation: cpd, cycles per degree. sufficient to explain the lack of an orientation deficit for stimuli of broad orientation bandwidth. To address this issue we measured orientation discrimination thresholds for Gabor elements with different Gaussian envelope S.D. in the x-and y-directions and thus non-circular spatial profiles in Experiment 4 (see Fig. 3 ). If we assume that the only factor underlying performance is the orientation bandwidth of the stimulus elements, then for subject MJS for example, an orientation deficit should be present with stimuli that have a relatively narrow orientation bandwidth of 1.7°and a broader spatial frequency bandwidth of 2.4 cpd, but not when the orientation bandwidth is broadened to 13.8°and the spatial frequency bandwidth narrowed to 0.3 cpd. The stimulus elements having the former characteristics have been referred to as 'lines' and the latter can be thought of as 'tigertails'. Fig. 3 depicts these stimuli and Table 2 contains their bandwidth characteristics as well as the measured contrast threshold for these respective stimuli. Test stimuli were displayed at 5 dB above their detection thresholds for the orientation discrimination task. Results for subject MJS and MS are shown in Fig. 7 . For subject MJS, although the orientation thresholds are poorer for the 'tigertails', there is no orientation deficit for either a broadening of the orientation or spatial frequency composition of the stimulus. The dominant and amblyopic eyes are not significantly different. For subject MS, the orientation deficit is greatest when the stimulus is narrowband in both spatial frequency and orientation. In this case broadening either the spatial frequency or orientation bandwidths decreases the orientation deficit but does not reduce it to 0.
One can then interpret these results by suggesting that defining the orientation deficit solely in terms of the stimulus orientation bandwidth is misleading. Nar-row spatial frequency and orientation stimulus bandwidths lead to the greatest orientation deficit and broadening the spatial information along either of these dimensions decreases or eliminates the deficit.
Discussion
Amblyopes are known to experience distorted perceptions for suprathreshold targets especially at high spatial frequencies (Hess et al., 1978) . These distortions involve local phase and orientation and their origin is unknown though both neural scrambling (Hess, 1982) and abnormal local neural interactions (Hess et al., 1978) have been suggested. It might not be unexpected for such amblyopes to perform worse on an orientation discrimination task where the stimulus is a high contrast, large field, high frequency grating (Skottun et al., 1986) . In this study we have used a stimulus, namely a sparse array of randomly positioned Gabors which would factor out any influence from either neural disarray or local abnormal neural interactions within a population of orientation selective detectors. We assume that the neural disarray and any local spatial interactions are postsynaptic in the cortex and involve orientionally tuned cortical detectors. If the disarray and local spatial interactions are presynaptic and involve the inputs to orientation selective cortical detectors then one would expect to see a concurrent disruption to their orientation tuning through anomalous feedforward and feedback influences respectively. We ask whether there is any residual orientation deficit for such a stimulus and if so what is its dependence on stimulus orientation bandwidth.
Our results demonstrate that randomly positioned local targets can also be used to demonstrate an orientation discrimination deficit in strabismic amblyopia. This shows that the original results of Skottun et al. (1986) cannot be accounted for solely on the basis of what has been hypothesised to underlie the perceived distortions in amblyopia (i.e. neural scrambling; Hess, 1982) . We verified that this deficit is spatial frequency dependent as originally claimed by Skottun et al. (1986) but also show that, in the case of Gabors, it is sensitive to contrast. This necessitates using stimuli which are equated for their visibility to control for purely contrast effects on the orientation discrimination deficit. More importantly, the orientation deficit varies with the spatial frequency and orientation bandwidth of the stimuli used to measure it. The deficits only occur for stimuli of narrow spatial frequency and orientational bandwidth. We see two competing interpretations for this finding.
Detector bandwidth
First, these results could be explained by postulating a broadening of the underlying detector bandwidth within this spatial frequency range. This follows from the framework described in Section 1 which originally motivated the study. The shift in the knee points of these functions relating orientation discrimination thresholds to stimulus orientation bandwidth suggests that the underlying detectors have broader bandwidths. What these results do not support is any explanation based on the general loss of efficiency in the computation of orientation at some higher level. Within this framework, the 'tigertail' stimuli demonstrate that the coming together of the normal and amblyopic curves at broad orientational bandwidths is not just a side-effect consequence of broadening the stimulus spatial frequency spectrum and using lower spatial frequency information for which there is no orientation deficit (i.e. Fig. 4) . The 'line' stimuli demonstrate that a similarly reduced deficit also occurs when the spatial frequency spectrum is broadened. Thus the deficit involves detectors with broader band spatial frequency and orientational bandwidths. We are currently pursuing a more direct test of this hypothesis using a noise masking approach.
First-order 6ersus second-order
An alternate interpretation is that the coming together of dominant and amblyopic performance at Table 3 Orientational bandwidths derived from the estimate of the kneepoint of the data in Fig. 6 1.7 VE 1.1 9.11 8.14 a The ratios give an indication of how the bandwidths tend to be broader in orientation for the amblyopic eye in four of six subjects. Fig. 7 . Orientation thresholds as a function of stimulus type (see Fig. 3 ) for two strabismic amblyopes, MJS and MS. See Table 2 for the bandwidth characteristics of the narrowband, lines and tigertails. The results shown for the broadband stimuli corresponds to a spatial frequency bandwidth of |= 2.39 cpd and an orientation bandwidth of |=13.8°.
broad orientational stimulus bandwidths is due to a transition from one mechanism at narrow bandwidths, which is abnormal in amblyopia, to another mechanism at broad bandwidths for which there is no abnormality in amblyopia. One could argue that at narrow bandwidths, orientation is processed using the Gabor carrier orientation by first-order mechanisms whereas for broadband stimuli it is the Gabor envelope orientation which drives performance via second-order mechanisms. How could the orientation of the envelope of circularly symmetric broadband Gabors determine performance? These stimuli appear perceptually non-circular when their carrier orientation bandwidths are very broad and there is a real possibility that second-order, envelope extracting mechanisms underlie performance. Within this framework, the 'tigertail' control stimuli which showed a reduction in the orientation deficit compared with the narrowband condition may simply reflect the fact that the envelope orientation was being used and that orientation discrimination using secondorder mechanisms is normal in amblyopia. An obvious control would be to compare the relative deficits for Fig. 8 . Orientation thresholds as a function of the tigertail stimulus condition for two strabismic amblyopic subjects. In the first instance the Gabor carrier orientation remained fixed at a 45°orientation, while the Gabor envelope orientation varied. In the second instance the envelope of the stimulus remained fixed and it was the carrier of the stimulus that varied in its orientation. Fig. A1 . Fourier spectrum of non-circularly symmetric Gabor or tigertail (positive frequencies only) adapted from Graham (1989) . The minor and major axes of the ellipse (a and b) are determined by the choice of bandwidth measure (e.g. S.D. or half width at halt height). The orientation full-bandwidth is then given by 2q. It should be noted that whatever the orientation of the carrier of the original Gabor, a simple rotation of the axes will produce the above figure without loss of specificity. The only requirement is that the carrier is parallel to either the major or minor axis of the Gaussian envelope.
width at half-height). This width measure may in turn be used to define an ellipse in Fourier space (see Fig.  A1 ). The orientation full-bandwidth (2q) is defined as subtended by this ellipse at the origin. That is orientation full-bandwidth is the angle between two lines which are tangents to the ellipse of Fig. A1 and which pass through the origin. Note we call this full-bandwidth 2q, as this paper uses half-bandwidths. Graham gives a formula for the calculation of orientation bandwidths of Gabors when the small angle approximation can be used. This Appendix uses the same definition of orientation bandwidth and extends the argument to the case of large angles.
The general equation of an ellipse is given by:
where (x 0 , y 0 ) are the co-ordinates of the centre of the ellipse and a, b the semi-axes. The gradient of any tangent to this ellipse is found by differentiating:
As we are interested in the tangents which pass through the origin:
Thus: 
orientation discrimination for 'tigertails' where the carrier orientation alone varies with the situation where only the orientation of the envelope varies. We did this for two subjects (Fig. 8 ) and found much reduced orientation deficits in the case where only the orientation of the envelope was varied, suggesting a much less impaired second-order system. In the case of the 'line' stimuli the reduction in the deficit, as compared to the circularly symmetric narrowband stimuli, can also be interpreted as due to the involvement of second-order mechanisms for which orientation processing is normal in amblyopia. At present we favour this interpretation; amblyopes have orientation discrimination deficits which depend on both contrast and spatial frequency for first -order stimuli (i.e. the Gabor carrier). Orientation deficits are either much reduced or absent for second-order stimuli (i.e. the Gabor envelope).
